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(The paper was first received 30th January, and in revised form \6th March, 1956 . // was published as an INSTITUTION MONOGRAPH in June, 1956 .) SUMMARY The hypothesis that the magnetic energy of a current circuit is the kinetic energy of the effective conduction electrons, developed in a previous Monograph, 1 is applied to the case of a conducting sphere without resistivity in a uniform magnetic field. A surface current is induced which prevents the growth of a magnetic field within the sphere, and expressions are found for the number and velocity of effective conduction electrons which carry the current. It is found that these electrons are in stable radial equilibrium, moving in circular orbits under the action of magnetic forces.
The well-known Meissner effect in pure superconductors is shown to be an expected rather than an unexpected phenomenon, since its absence would require, under certain conditions, a supercurrent lacking equilibrium.
The theory is shown to lead, by means of a simple assumption, to the basic equations of the London theory of superconductivity, but with a different interpretation of the velocity parameter. Finally, the inertial supercurrent and magnetic field which should be produced by the steady rotation of a superconducting sphere, as deduced by the new theory, are shown to be exactly the same as those forecast by the London theory. 1 the consequences of the hypothesis that the magnetic energy is the kinetic energy of the effective conduction electrons, in a current circuit, were developed. It was shown that the hypothesis enables electron-inertia effects in closed conducting circuits to be included in electromagnetic theory, and that the inconsistency of conventional theory with these effects is due to the original view of Maxwell that the carriers of an electric current in a conductor do not possess inertia. It was suggested that the hypothesis might lead to a consistent macroscopic theory of superconductors.
LIST OF SYMBOLS (Rationalized M.K.S. units)
If a steady or quasi-steady conduction current is due to the motion of electrons of effective mass m, charge e, and velocity v, the basic relation of the hypothesis is
where A is the vector potential of the current. It follows that if the current changes the self-induced electric field in the conductor so that the self-induced e.m.f. may be regarded as the equivalent of the inertial effect of the current. If the circuit is such that v has the same value everywhere, both across the section of the conductor (which must be considered to be filamentary) and around the circuit, the effective conduction charge per unit length of wire is given by m I
1
The velocity of the effective conduction electrons is therefore
1 According to these relations the effective conduction charge in a circuit is determined by the geometry of the circuit, and the current is carried by a comparatively small number of effective electrons moving with a high velocity. [441] It should be noted that eqn. (1) is independent of the conduction current density, which for the steady or quasi-steady state is given by / = curl H. The equation specifies the available velocity or momentum level which may or may not be occupied by effective current-carrying electrons.
(2) MAGNETIC ENERGY OF COUPLED CIRCUITS The magnetic energy of two circuits of mutual inductance L is ± (5) and it is clear that the mutual magnetic energy cannot be included in the individual kinetic energies of the two currents. Thus, if we express W as a function of masses and velocities, of the form inside such a conductor. So if the conductor is originally remote from external sources, with no current in it, the internal magnetic field must always remain zero whatever external field may be applied. As Maxwell 2 pointed out, such a conductor may be regarded as being impervious to magnetic flux.
When the field B o is applied to the sphere, therefore, a current must be induced which will cause a component of flux density, B s , equal and opposite to B o inside the sphere, so that the resultant field remains zero. This current must be limited to the surface, since in the interior /J, 0 J = curl B = 0. Hence
inside the sphere. Outside the sphere the resultant field is distorted, as shown in Fig. 1 . Now in order to produce the component of field B s inside the sphere, the induced current must be equivalent to a magnetic moment per unit volume equal to \B S ; so to find the necessary surface current consider a thin slice of the sphere (Fig. 2) perpendicular to B Q , of radius p -R sin 6 and thickness R sin 686 -p86. The width of the surface of the slice is R86. If the surface current density is j s , the current around the periphery of the slice is j s R86 and its magnetic moment, /x o (current)(area), is We therefore have The vector potential of/, is circular, concentric with the current. At the surface, where j s flows, it is given by or
The velocity of the effective conduction electrons which constitute the surface current can now be obtained. As in the case of two coupled circuits, v will be the same as if B s existed by itself; so from eqn. (1) If the required value of v is greater than that corresponding to (3.3) Radial Equilibrium of the Conduction Electrons the maximum energy which an electron can attain, the current The steady surface current j s consists of electrons moving in cannot be generated and the field B o will penetrate the interior free circular paths of radius p. Since the conductor has no of the sphere.
resistivity and the macroscopic internal electric field is zero, the Let p s be the surface charge density of effective conduction current can persist only if the electrons move in the required paths electrons; then under the action of magnetic forces. j m 3
The radial force on a conduction electron due to its motion s~~~~ 7^ (*4) through the external component B Q of the magnetic field is 
The whole of the magnetic field energy of j s is therefore Furthermore, this equilibrium is stable. Inside the sphere, up to the inner edge of the surface layer of current, B s = -B o a n d the mean value of the axial component of B s , inside the thin current layer itself, acting on the current is -±B 0 since * e f o r c e^ = ~ */o-So if an electron deviates slightly inwards from its circular path, it moves into a region of greater B s and the outward force f s increases, correcting the deviation, while if it deviates slightly outwards, f s decreases.
(4) THE MEISSNER EFFECT Consider a solid spherical non-magnetic conductor at a normal temperature situated in a uniform constant magnetic field. According to conventional electromagnetic theory, no action takes place and the magnetic field, regarded macroscopically, is not disturbed by the conductor; this is consistent with experience. Suppose now that the sphere is cooled until it becomes superconducting and its resistivity disappears. This reduction of the resistivity to zero is the only change which can be recognized by conventional macroscopic theory, and again the magnetic field should not be disturbed, penetrating the conductor as before. If, however, the field is then altered, by eqn. (7) the field inside the conductor should remain constant. This conclusion means, in fact, that such a superconductor should be able to maintain a steady supercurrent of any value even when there is no applied magnetic field, for the latter could be completely removed leaving the supercurrent to maintain an internal field of the original value.
For some 20 years after the discovery of superconductivity by Kamerlingh Onnes 3 in 1911, it was assumed that superconductors behave in this manner. Experiments by Meissner and Ochsenfeld 4 in 1933, however, showed that this is not so, at least for pure superconductors. They found that, when a specimen becomes superconducting in a constant magnetic field, the normal component of B at the surface of the conductor vanishes, showing that the internal field is removed.
For a pure superconductor in an external magnetic field it therefore appears that the internal magnetic field is always zero, no matter how the essential state of affairs is reached; i.e. it does not matter whether a magnetic field is applied to a conductor which is already superconducting, or whether a conductor is made superconducting in an existing magnetic field. In either case the cancellation of the applied field within the conductor must be due to the generation of a surface 'supercurrent' whose value is a function of the applied field. However, if the applied field is too strong, the generation of the supercurrent fails to take place and the field penetrates the conductor. This critical field is found to be a function of temperature for a given superconductor, and may possibly depend on other variables as well.
The discovery of the Meissner effect led to the view that superconductors lie outside the sphere of classical electromagnetic theory. If, however, a conductor with zero resistivity is considered to be a body in which at least a proportion of the conduction electrons move about, with a range of velocities, in free paths without colliding with the lattice of atoms, then it is not -difficult to obtain a rough picture of how the effect arises. When a sphere is at a normal temperature and in a magnetic field, all the conduction electrons must suffer collisions after moving short distances in the inter-atomic space, so that although the forces which they experience owing to their motion in the magnetic field may affect paths between collisions, they do not prevent the electrons from having random motions. The •electrons cannot therefore be sorted out into a steady macroscopic •current. This would require a steady electromotive force to •overcome the resistance, and since the applied magnetic field is •constant, there is no source of such an e.m.f.
If the conductor is cooled and becomes superconducting at a few degrees absolute, the resistance to steady currents disappears and an induced surface current can, under certain conditions, flow indefinitely. In the transition from the normal to the superconducting state we may suppose that a proportion of the conduction electrons become completely immune from collisions with the lattice and hence can move in free paths through the atomic structure. Owing to the applied magnetic field, these paths will be curved, and some of the electrons will settle into free stationary orbits. They will then form steady currents whose magnetomotive force is easily seen to oppose the applied field. For a perfect Meissner effect the cancellation of the internal field must be complete and there can be no internal steady current, since / = curl H -0. Thus some of the free electrons are rsorted out into an orderly surface current, leaving a field-free interior in which other 'superconducting' electrons move in undisturbed random directions.
If the Meissner effect takes place, the present theory by eqn. (13) specifies the velocity of the effective conduction electrons in the surface current, but if conditions are such that this velocity cannot be attained, the Meissner effect will not occur. It would be going beyond the limits of a macroscopic theory, however, to attempt to specify any upper limit for the electron velocity, since there may be complex processes in the transition whereby the energy of an electron may be increased. Moreover, in evaluating v from eqn. (13) it should be noted that m, the effective mass per electron, is not known to any degree of certainty. All one can say is that it probably is equal to or greater than the accepted rest-mass of a free electron.
The Meissner effect, therefore, evidently arises from the behaviour of electrons in the superconducting state, and thus a full physical theory should be sought in quantum electrodynamics rather than in a macroscopic theory. It is, however, easy to show that, given a pure superconductor and not too strong a magnetic field, the absence of the effect would be inconsistent with the present theory. Let us assume that the effect does not take place: then no supercurrent is generated and the internal field remains constant at the value B Q . Next, let the applied field be removed, so that, since the field inside the sphere cannot change, a supercurrent must be induced which causes an internal field B s = B o . The values of p s and v will be the same as in the previous analysis, except that in Fig. 2 the current will be in the opposite direction. The electrons which compose it, however, can no longer be in radial equilibrium, for the stabilizing inward force, / 0 , due to the external field is absent. The resultant radial force on a conduction electron is no longer zero but equal to 2mv 2 /p, outwards, and it is evident that a steady current could not persist. The only possible stable physical state when B o is removed is B = 0, and since the internal field cannot have changed during the removal of B o , it follows that B must originally have been zero inside the sphere.
(5) PERFECT CONDUCTORS AND SUPERCONDUCTORS
The distinction which we make between a perfect conductor and a superconductor is different from that usually understood. The distinction adopted by workers in superconductivity is that a perfect conductor is one in which the resistivity is zero and in which a Meissner effect should not be expected to take place} i.e. it is based on conventional electromagnetic theory which, following Maxwell, ignores electron inertia. We regard a perfect conductor, however, as a superconductor in which all conduction electrons would be available to form a supercurrent. Such a material apparently does not exist, for in practical superconductors there are conduction electrons which, under the action of high-frequency electromotive forces, form normal currents which generate heat. In the case of a steady supercurrent E = 0, and such normal currents cannot flow, since they are 'short-circuited'.
(6) LONDON EQUATIONS OF SUPERCONDUCTIVITY It is of interest to attempt a more detailed study of the surface current on the sphere. In the above analysis it appears, in a macroscopic sense, as a current sheet of no finite thickness; but if we think in terms of electrons moving through the atomic structure, it is evident that the sheet must have a finite thickness, however small. Within the sheet there must then be a magnetic field given by curl H =J, where / is the ordinary current density. In the interior of the conductor the field of the supercurrent cancels B o completely, so that within the current layer itself this cancellation will be incomplete. 
= -v = -
Eqn. (41) 
and is zero for a singly-connected superconductor.
The regular solutions of eqn. (41) are such that the current decreases very rapidly as the distance from the surface, towards the interior, increases. Hence this equation is consistent with the Meissner effect and at a depth greater than -\/(A//x 0 ) the field and current are practically zero. This penetration depth is of the order of 10~~6 to 10~5cm.
The fallacy in this 'acceleration' theory, on which the London equations are founded, is that the electromagnetic basis of the concept of electronic mass is completely ignored. In the case of a single electron in an electric field E arising from external sources, eqn. (47) is valid and is equivalent to e ( 2 ? + E , ) = 0 (51) which states that the electron, regarded as a charge of no inertia apart from that of its electromagnetic field, moves in such a way that the total electromagnetic force acting on it is zero. The component E s is the field, averaged over the charged particle, induced by its own motion and, for the quasi-stationary state, is given by 17 ^VS eE s = -m^I (52)
In the London theory, however, v s is not the random velocity of a single electron in an 'electron gas', but the velocity at a point in the aggregate stream of conduction electrons in their ordered motion, as is obvious from the relation / = nev s . The microscopic concept of discrete charged particles can, in fact, be replaced in a macroscopic theory by that of the steady flow of an electric fluid in which v s is the velocity field. The ratio mje is thus the ratio of electromagnetic mass to charge of the aggregate and so, unless m is to be taken as being non-electromagnetic, eqn. (52) applies to the aggregate stream and E s is the macroscopic average self-induced electric field of the changing current. Thus if we adhere to this accepted meaning of electronic mass, eqn. (47) actually states and Faber, 9 indicate that the theory is not altogether satisfactory, even from this limited viewpoint.
In terms of the theory presented in this paper the problem of the depth of penetration of a supercurrent is microscopic rather than macroscopic, i.e. it is a problem for quantum electrodynamics to see where the superconducting electrons with the necessary energy and freedom may be found. 14), when a supercurrent flows in the surface layer of a sphere it is due to the motion of a characteristic charge whose surface density is uniform over the sphere, being a function of m\e and the radius of the sphere. From eqn. (13) it is also evident that this surface charge rotates rigidly about the axis. Thus, disregarding the composition of this surface charge in terms of electrons, we may think of a superconducting sphere as possessing an extremely thin shell of negative charge, of uniform density, having inertia but completely free to rotate about any diameter of the sphere without resistance to motion or electromagnetic reactions. If the sphere is in the superconducting state with no applied field, this shell can therefore be set in rotation only by an electric field induced by external sources.
Suppose the sphere to be stationary with no applied field, and then to be set into uniform rotation about a diameter. The spherical shell of negative charge will remain stationary, owing to its inertia, and the rotation of the equal and opposite positive charge in the surface layer will constitute a surface current, causing a magnetic field. 
